galactoside permease, and both arabinose systems, is able to catalyze transport of 2-deoxygalactose to a significant extent. 2-Deoxygalactose can also be used to isolate mutants defective in galactose permease, since it is bacteriostatic. Colonies that grow with lactate, malate, or succinate as a carbon source in the presence of 0.5 to 2 mM 2-deoxygalactose were found to be mostly galP mutants, lacking galactose permease. Spontaneous 2-deoxygalactose-resistant strains arose with a frequency of about 2 x 10-6. galP mutants have also been derived from pts deletion mutants that require galactose permease for growth on glucose. Revertants have been obtained that have acquired the parental phenotype.
Growth of Salmonella typhimurium on galactose leads to the induction of a single galactose transport system, the specific galactose permease (GP, 12). Transport of galactose across the membrane of S. typhimurium and Escherichia coli can be catalyzed, however, by a multiplicity of transport systems (7, 12, 15) . The majority of these trasport systems have other natural substrates. For instance, methyl fl-Dthiogalactoside I and II both transport galactose but are coded for by genes in the lac and mel operons, respectively, and are involved in the metabolism of lactose and melibiose. A third system, the methyl 8-galactoside permease (MGP) can be induced by galactose, but only when the GP is defective (12) . Other galactosetransporting systems are those for arabinose (2, 10) and part of the phosphotransferase system (PTS, 11) .
The study of the major galactose transport system in Salmonella, the GP, has been hampered by the lack of a specific substrate. In addition, it has been impossible until recently to select mutants defective in GP. Using a special mutant of Sabnonella that lacks all galactose transport systems except GP, we succeeded in the isolation of galP mutants, but the selection method used could be applied only to certain strains (12) . It was found also, using these and other strains, that 2-deoxygalactose inhibited galactose transport via GP and induced the uptake of protons in anaerobic cells of Salnonella, suggesting that 2-deoxygalactose is a substrate of GP (12, 18) . Since no labeled 2-deoxygalactose was available at that time, direct transport studies were impossible.
We now report that 2-deoxygalactose is a specific substrate of the GP. In addition, it will be shown that 2- Of D-configuration, unless mentioned otherwise. Preparation of cell-free extracts and enzyme assays. Cell-free extracts were prepared exactly as described (12) . Galactokinase (EC 2.7.1.6) was determined in the 200,000 xgsupernatant (12) . The reaction mixture contained, in a final volume of 0.1 ml: 10 mM ATP, 5 mM MgCl2, 2.5 mM dithiothreitol, 12.5 mM KF, 50 mM potassium phosphate buffer (pH 7.5), 5 mM ['4C]galactose (specific activity, 322 cpm/nmol) or 5 mM [3H]2-deoxygalactose (specific activity, 228 cpm/nmol), and varying amounts of supernatant. Phosphoenolpyruvate (PEP)-dependent phosphorylation of galactose and 2-deoxygalactose was measured as follows. The reaction mixture (0.1 ml) contained 10 mM PEP, 5 mM MgCl2, 2.5 mM dithiothreitol, 12.5 mM KF, 50 mM potassium phosphate buffer (pH 7.5), 5 or 10 mM labeled sugar, and varying amounts of the 200,000 x g supernatant of strins SB1690 and SB2226 as a source of HPr and enzyme I, respectively. As a source of the membrane-bound, sugar-specific enzymes II, the membrane fraction obtained after centrifugation at 200,000 x g was used. The phosphate esters formed dunng the galactokinase and phosphotransferase (PTS) assays were determined by ion-exchange chromatogaphy (8) . The specific activity is expressed as nanomoles of substrate phosphorylated per minute per milligram of protein at 37°C. All enzyme activities were proportional to the amount of protein added.
Transport studies. Transport of labeled compounds was performed as described previously (12 of evidence show that transport is not due to a minor contamination present in the labeled 2- deoxygalactose. (i) The labeled compound was 98% pure as measured by paper chromatography (6) . (ii) Cells that lacked GP but possessed an active MGP did not accumulate 2-deoxygalactose (Table 3) Strins that express the GP constitutively (galR and gaiC) tnswported 2-deoxygalactose (and galactose) after growth on DL-lactate (Tables 2 and 6). 2-deoxygalactose is not transported by any of the other galactose transport systems, we induced each of these systems one at a time. A strain defective in the GP (PP418, see below) was used to avoid problems with inducers such as D-fucose. Table 3 shows the activities of the various transport systems with the specific substrates and 2-deoxygalactose. Methyl fi-D-thiogalactoside II was induced by growth on melibiose and MGP by growth on lactate plus Dfucose. In both cases, transport of galactose was induced in addition to that of the specific substrates methyl f,-D-thiogalactoside and methyl ,-galactoside. 2-Deoxygalactose transport was negligible. To induce the arabinose transport systems, PP418 was grown on lactate in the presence of 0.2% arabinose, since the wild-type strain, SB3507, and all strains derived from it (including PP418) cannot grow on L-arabinose alone. No 2-deoxygalactose transport was detected. Methyl fl-D-thiogalactoside I was tested by introducing into Salnonella (which lacks the lac operon) an episome carrying a constitutive lac operon. Again, no transport of 2-deoxygalactose was observed (Table 3 , strain PP508). Finally, involvement of the PTS (13) was excluded by the data presented in Fig. 1 . Cells grown on lactate contain, in addition to the general proteins enzyme I and HPr, constitutive levels of the sugar-specific membrane-bound enzymes II of the PTS (13), but do not transport 2-deoxygalactose. Figure 2 shows the rate of 2-deoxygalactose uptake in the wild-type strain at various 2-deoxygalactose concentrations. An apparent Km of about 500 uM can be calculated. Under the same conditions, the Km for galactose is 45 ,uM (12) . The maximal rate of uptake of 2-deoxygalactose is one-half to one-third of that of galactose. We have shown previously that 2-deoxygalactose inhibits both uptake and oxidation of galactose when GP is the sole galactose transport system (12). 2-Deoxygalactose had no effect on galactose or methyl fB-galactoside transport via MGP.
The rate of methyl ,B-galactoside transport (0.5 mM methyl ,B-galactoside) in strain PP267 was 20 nmol/min per mg (dry weight) in the absence or presence of 2.5 mM 2-deoxygalactose. Similarly, the uptake of 2-deoxygalactose was not inhibited by methyl,f-galactoside in cells grown either on lactate plus D-fucose (parent strain, SB3507) or on galactose (strain PP267) (data not shown).
We have tried to investigate whether 2-deoxygalactose is an inducer of the GP. Since 2-deoxygalactose is toxic to Salmonella (1; see below), induction was studied in a galK strain that is resistant. Unfortunately, the GP activity in noninduced (lactate-grown) cells is rather high. Nevertheless, 2-deoxygalactose induced GP about 2.5-fold, even more than D-fucose (Table 4).
Metabolism of 2-deoxygalactose. Table 5 shows that the membrane fraction of a pts deletion mutant, SB2950 (lacking HPr and enzyme I), catalyzed the PEP-dependent phosphorylation of 2-deoxygalactose when HPr and enzyme I were added. The reaction was completely dependent on PEP, enzyme I, and HPr. ATP had no effect. Using 10 mM 2-deoxygalactose, the phosphorylation rate was 22 nmol/min per mg of protein, about 50% of the rate with which membranes of the wild-type strain, SB3507, catalyze the PEP-dependent phosphorylation of galactose (11 Table 6 . All strains tested were shown to be deficient in GP. Since these strains can stil grow on galactose, the gal operon can be expressed normally.
This rules out a mutation in gaiR that prevents induction of both GP and the gal operon even in the presence of inducer. Since the transport studies shown m Table 6 were performed with lactate-grown cells, it should be shown that the gaiR mutation was still present Table 7 shows that galactokinase was still synthesized constitutively in the gaIP galR mutants Finally, catalyzed by a number of different transport systems. Only one, the "specific" GP, is induced when cells are grown on galactose (12) . Two factors have hampered a thorough investigation of this transport system: (i) no specific substrate is known for GP; and (ii) it has been impossible to isolate mutants deficient in GP. Only one such galP mutant has been found in E. coli (3) and has been characterized by Rotman and coworkers (5, 15) .
In this paper, we report that 2-deoxygalactose is a specific substrate of the GP. In addition, this compound can be used to isolate mutants that lack specifically GP.
We have shown previously that 2-deoxygalactose inhibits galactose uptake and oxidation in galactose-grown cells (12) . Similar to galactose, 2-deoxyglucose, and D-fucose, 2-deoxygalactose induces uptake of H+ when the sugar is added to anaerobic wild-type cells that contain the galactose transport system (18) . These results suggested that 2-deoxygalactose is a substrate of GP. We have here extended these studies using labeled 2-deoxygalactose. Transport studies with cells in which one or more of the known galactose trnsport systems was induced indicate that none of these transport systems except GP is able to transport 2-deoxygalactose (Table   3) . Recently, it has come to our attention that similar results have been obtained in E. coli (P. J. F. Henderson, personal communication). Although a large number of substrates for GP of S. typhimurium is known by now, each of these, except 2-deoxygalactose, is a substrate-of at least one other transport system. Glucose is a substrate of the MGP and two different PTS (13). 2-Deoxyglucose and mannose (and fructose) are also transported by the PTS (13) . D-Fucose is a substrate of MGP. It is clear that the "specific" GP has a rather broad specificity. Interestingly, it has all known substrates in common with the enzyme II-A/II-B of the PTS. This can be shown easily with glucose, 2-deoxyglucose, mannose, fructose, and galactose. The data of Table 5 show furthermore that 2-deoxygalactose can be phosphorylated in vitro by the PTS. Finally, we have shown that D-fucose, which is unable to act as phosphate acceptor due to the absence of the hydroxyl group at the 6 position, partly inhibits galactose phosphorylation by the PTS (P. W. Postma, unpublished results). We have speculated elsewhere on the possible relation between both systems (P. W. Postma and G. M. van Thienen, Proceedings of the International Symposium on Mechanism ofProton and Calcium Pumps, in press).
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